The D-mannuronic acid (M2000) is a novel nonsteroidal anti-inflammatory drug that has immunosuppressive effects together with antioxidant property. M2000 has shown a notable efficacy in experimental models of multiple sclerosis, rheumatoid arthritis, and nephrotic syndrome. In this work, the effect of M2000 on the treatment of Alzheimer's disease (AD) was performed by Morris water maze experiment, and the immunological assessments were carried out by Western blot, apoptosis (procaspase-3, Bax/Bcl 2 , P53), enzymatic (superoxide dismutase [SOD]), and nonenzymatic oxidative stress (malondialdehyde [MDA]) tests. We found that pretreatment of AD in the rat model by M2000 had a potent efficacy on rat behavior and also it led to a significant inhibition of amyloid plaque production. Moreover, our data showed that M2000 can reduce the amount of Bax/Bcl 2 , P53, MDA, and SOD, as well as it normalized the level of procaspase-3. Our results suggest M2000 is a potential therapeutic agent for the treatment of AD.
Introduction
Alzheimer's disease (AD) not only is the most predominant cause of progressive memory impairment, cognitive deficits, and functional alterations, but it can also lead to some neuropsychiatric disorders such as agitation, aggression, hallucinations, and delusions among elderly population. 1 Globally, in 2006, it has been estimated that about 26.6 million of aged people had AD; this population will become quadruple by the end of 2050.
2 Current treatments and drugs have a small but relative effect on AD, whereas the astonished properties of alginate on neurons survivability make many researchers eager to determine alginate and its component (D-mannuronic acid [M2000]) effects on AD treatments. 3 In our previous studies, the anti-inflammatory and immunosuppressive efficacy of M2000 has been proved in animal models of multiple sclerosis, nephrotic syndrome, rheumatoid arthritis, and immune complex glomerulonephritis. [4] [5] [6] The characterized molecular mechanism of this novel drug is based on its inhibitory effects on matrix metalloproteinase 2 activity, inhibition of immune cells infiltration, reduction of the interleukin 6 (IL-6), and antibody production. 6 In the present study, for the first time, we evaluate the effect of M2000 on AD.
In developed countries, AD is one of the most costly diseases that have 3 different types with a variety of symptoms. 7 Early onset is one form of AD that presents among people younger than age 65; older than age 65 is known as late onset. The late onset is the most common form, and different risk factors are involved in its initiation and progressions. However, a number of genetic risk factors have been identified; only a few AD cases can be clarified by particular gene mutation. Amyloid precursor proteins (APPs), presenilin 1 and 2, are the most important antigens that involved in the AD. Moreover, specific environmental risk factors could contribute to its progression. Finally, the last type of AD is familial, which is linked to certain genes in at least 2 generations of family members. 7, 8 Dementia as one of the most important symptom of AD is associated with neurodegeneration, which is started by synaptic injury and then followed by neuronal loss especially in the neocortex and limbic system. Significantly, neurodegeneration is accompanied by astrogliosis, microglial cell proliferation, and the presence of neurofibrillary tangles (NFT), which is composed of dystrophic neurites and hyperphosphorylated tau. [9] [10] [11] Proteolysis of amyloid b (Ab) precursor protein causes Ab accumulation, so that if the abnormal accumulations happen, an imbalance level of Ab production, aggregation, and clearance will appear. The clearance can occur by neprilysin enzyme, chaperone molecules such as apoE, lysosomal, and nonlysosomal pathways. 12, 13 It has been suggested that the failure of the clearance mechanisms may have the key role in the plaque and NFT formation, which is responsible for the synaptotoxic effects.
14, 15 The plaque and NFT are mostly localized in the hippocampus and cortex regions, which are responsible for learning and memory function. 16 Ab 1-40 and Ab are the most forms of Ab in brain, while in vivo and in vitro studies have reported the higher neurotoxicity of Ab 1-42 with respect to its methionine residue in 35 position. 17, 18 The Ab 1-42 induces free radical oxidative stress in the neurodegeneration and neurotoxicity process. This induction could take place by invasive production of reactive oxygen species (ROS), reactive nitrogen species, a loss of function of many antioxidant defense enzymes, cytokines, and chemokine such as IL-4 and IL-10. [19] [20] [21] Age is the main risk factor for AD since oxidative stress increases with aging and its role has been approved in the pathogenesis of AD. 20 The brain is too sensitive to oxidative stress because it has a high level of polyunsaturated fatty acid with high oxygen consumption. Therefore, detoxification of free radical in the brain is so important because lipid and protein oxidation can destruct structure and function of the brain. Endogenous antioxidants such as reduced glutathione, antioxidant enzymes including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase are utilized in the brain. 22 The D-mannuronic acid is known as a uronic acid and since the antioxidant activity of uronic acid and its analog like glucuronic acid and ascorbic acid [23] [24] [25] has been proven, in this research one of the objectives was to investigate the antioxidant activity of D-mannuronic acid on AD.
The other detriment of Ab oligomer is increased following the activation of apoptosis in neurons by intrinsic and extrinsic pathways. The intrinsic pathway is mediated by the mitochondrial release of cytochrome c and resultant activation of caspase-9, and the extrinsic pathway originating from the activation of cell surface death receptors such as Fas, resulting in the activation of caspase-8 or -10. Finally, completion of both pathways can be performed by activation of caspase-3. 14, 26 Measuring the proapoptotic proteins (Bax, Bad) and antiapoptotic protein (Bcl 2 ) can illustrate the activating and inactivating stages of the intrinsic pathway. The Ab can induce proapoptotic protein such as Bax and downregulate antiapoptotic protein such as Bcl 2 . The increased level of Bax is related to senile plaque and NFT in the hippocampus of patients with AD. However, caspase-3 has shown increasing proteolytic cleavage of APP, which leads to form Ab peptide. Many studies have shown an increased transcription level of caspase-1 to -9, which can increase the expression of Bax and decrease the expression of Bcl 2 . 26 Therefore, evaluating the effect of antioxidant and antiapoptotic agents on the reduction of oxidative stress and apoptosis in nervous system attracts many researchers to decrease the pathological mechanisms and improve memory and learning.
Materials and Methods

Animals, Housing, and Test Material
Forty Wistar male rats (weight: 180-220 g) were used in this experiment, which was purchased from the Faculty of Pharmacy, Tehran University of Medical Science. Each rat was kept in 1 cage, and cages were kept under standard laboratory conditions (temperature: 23 C + 2 C; relative humidity: 30%-70%; light-dark cycle: 12/12 hours). All of the rats had enough accession to the ad libitum food and water unlimitedly. All the experiments were approved by Ethical Committee for the Care and Use of Laboratory Animals at Tehran University of Medical Science (code: 9021324001) and Council of Graduate Students of Iran University of Medical Science (code: 24403).
Rats were divided into 4 groups-normal control group (C), sham operation group (S) in which phosphate-buffered saline (PBS) was injected to the intrahippocampus, Alzheimer's group (Ab) in which 50 ng/mL per side of Ab was injected to the intrahippocampus by Hamilton syringe, and M2000 group (Ab þ M) that in addition to Ab injection, they received M2000 daily via water utility. The M2000 was given to the rats for 6 weeks (from 2 weeks before Ab injection to 4 weeks after Ab injection).
b Amyloid 1-42 Preparation
The Ab 1-42 was purchased from Sigma-Aldrich (St. Louis, Missouri). It was dissolved in PBS. The solution was then incubated for 5 days at 37 C and finally was diluted into the 50 ng/mL by PBS on the test day.
Stereotaxic Surgery
Rats were anesthetized with the intraperitoneal injection of ketamine (90 mg/kg) and xylazine (5 mg/kg) and then they were put into the stereotaxic apparatus (Stoelting, Wood Dale, Illinois). The stereotaxic surgery for intrahippocampal injection of Ab was taken from the atlas of Paxinos and Watson (anterior-posterior, 3/08 mm; lateral, + 2.2 mm; dorsal-ventral 2.2 mm from bregma). The CA1 area of the hippocampus was detected and then injection was performed by a Hamilton syringe (50 ng/mL per side). Every injection lasted 1 minute, and to facilitate diffusion of Ab, the injection in the left side was performed after 60 seconds. Finally, head of rats was darned.
D-Mannuronic Acid Preparation and Intake
The D-mannuronic acid (M2000) as a small molecule (C6H10O7) with the molecular weight of 194.139 Da was prepared from sodium alginate (Sigma-Aldrich) based on the method of Fattahi et al. 27 Briefly, alginic acid sodium salt (100 g) was dissolved gently in 20% H 2 SO 4 at 0 C, and the mixture was completely stirred at room temperature. This solution was heated at 80 C until its color was changed from cream color to light brown. The hydrolysate solution was cooled to room temperature and was precipitated by centrifugation (3700g). Subsequently, the precipitate was redissolved by neutralization using 1 M Na 2 CO 3 . The solution pH was adjusted at 2.85 by 0.1 M HCl. The precipitate was collected and washed once with distilled water. The final precipitate (L-guluronic acid) was spread over and dried out in petri dishes. Accordingly, the supernatant of L-guluronic acid was collected and again adjusted to pH 1.0 by 0.1 M HCl. The precipitate was collected and washed once with distilled water. The final precipitate (D-mannuronic acid) was spread over and dried out in Petri dishes. The monomeric form of D-mannuronic acid and its purity were validated by characterizing the hydrolytic products using Fourier transform infrared spectroscopy and carbon-13 nuclear magnetic resonance spectroscopy, based on the abovedescribed method. 27 Finally, 50 g of M2000 was dissolved in the 350 mL water, then 35 mL of this solution was diluted in daily drinking water of each rat for 6 weeks, based on the dosage of 25 mg/kg/d.
Behavioral Test
The behavioral test was performed with Morris water maze (MWM) apparatus. This test performed a month after surgery. This apparatus is a black circular pool with 136 cm diameter and 35 cm depth, filled with water, and its temperature should maintain at 25 C + 2 C. The pool was divided into 4 quadrants, and an invisible plate made of Plexiglas was submersed 1 cm under the water surface in one of the quadrants (target quadrant). This test includes training process for 4 days and probe test process for 1 day. Each training day includes 1 block of 4 trials. In each trial, a rat was randomly dropped in the starting point of a pool quadrant. The camera was mounted above the pool that connected to a computer, which included EthoVision software (Noldus Information Technology, Wageningen, the Netherlands), and recorded the rat swimming pathway. In each trial, the rat had 90 seconds time for a free swim, and if they cannot find the plate during this period, they were manually trained by the researcher to find the target plate. After this period, the rat was allowed to rest for 20 seconds on the plate and again was released from the starting point of another quadrant. In other trials and rest days, these processes were repeated. After that the software calculated 3 parameters including escape latency (the time required to find the platform), distance travelled (the path length travelled to reach the platform), and velocity (swimming speed) for 4 days. Finally, on the 5th day (test day), rats were tested for probe trial. In this day, the plate was removed from pool and rat was randomly released into the pool of one of the free quadrants and was allowed to swim for 90 seconds. The purpose of this test was to find out how long rat can swim in the target quadrant. It should be noted that all trials were done at the same time (8 AM-12 PM). In this study, the platform was covered with aluminum foil and was submersed 1 cm above the water surface in opposite to the target quadrant, and also rat's visual ability was confirmed by visibility test. 28 
Western Blot Analysis
Rats were decapitated and their brain was quickly removed, and hippocampus was isolated on the ice and immediately frozen in liquid nitrogen and then stored at À80
C. In the test day, the lysis buffer (including Tris-HCl; pH 7.4, NaCl, EDTA; 0.5 M, sodium dodecyl sulfate [SDS], Triton 100X, NaF, NaVO4, NP40%1, and protease inhibitor cocktail) was added to each hippocampus, then it was homogenized. Microtubes including homogenized tissue were centrifuged at 13 000 rpm for 20 minutes at 4 C. Finally, the supernatant was separated for further analysis.
Bovine serum albumin was used for calibration process as a standard reference, and protein concentration was measured by Bradford method. 29 Protein assay for Bradford method was purchased from BioRad Biotechnology (Hercules, California). The same amount of protein (concentration 60 mg/mL) was run on the 12% SDS-polyacrylamide gel electrophoresis (PAGE) gel. Then, the resolved protein was transferred to nitrocellulose membrane (GE Healthcare, Sweden), after that the membrane was incubated in blocking buffer for 1 hour and was probed overnight with proper antibodies at 4 C. The Bax, Bcl 2 , and P53 are the specific antibodies that were used in the Western blotting of this experiment. The block was washed 3 times, and then it was incubated with secondary antibody for 75 minutes. All the antibodies of this experiment were purchased from Santa Crus (Dallas, Texas). Finally, electrochemiluminescence reagents (GE Healthcare) and radiography film were used for the detection of immunoreactive polypeptides. Band densities were measured by densitometry scan of films with ImageJ software (NIH, Bethesda, Maryland, USA). b-Actin was used as a positive control for Western blotting, which was supplied from Cell Signaling Technology (Beverly, Massachusetts).
Amyloid Plaque Detection
One rat was chosen randomly for brain homogenization. The brain was isolated and put into 15% formalin for 48 hours. The paraffin sections were cut at 6 mm and then were stained by Congo red solution (Merck, Darmstadt, Germany). Finally, plaques were observed by the optical microscope with the magnification of Â400.
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Measuring SOD, CAT, and Malondialdehyde in Hippocampus Tissue
One ml diluted protease inhibitor was added to the hippocampus tissue and after that 60 ml PBS was added. Then samples were homogenized for 1 minute and centrifuged at 4000 rpm for 10 minutes. Finally, the supernatant was taken for the determination of SOD and CAT activity and malondialdehyde (MDA) level by kit instruction (Zellbio GmbH, Ulm, Germany). Bovine serum albumin was used for calibration process as a standard reference, and protein concentration was measured by Bradford method, which was purchased from BioRad Biotechnology.
Statistical Analysis
Data were analyzed by IBM SPSS Statistics version 23 (IBM Corp, Armonk, New York), and all results were shown as mean + standard deviation (SD). One-way analysis of variance (ANOVA) was performed for variance, and behavioral variables between groups were compared using Bonferroni post hoc test. Also, 2-way ANOVA followed by Bonferroni post hoc was used to compare the results of behavioral tests for different days. Statistical significance was achieved when the P value was less than .05.
Results
Behavioral Results
Behavioral results of all training days. In this study, there was no significant difference between the control and sham operation groups according to all variables. So, all analyses of groups have been compared to the control group. Figure 1 shows the results of behavioral test including escape latency, distance traveled, and velocity of different rat groups. As can be seen, the Ab group had a significant increase in escape latency (P < .001; Figure 1A ) and also distance traveled (P ¼ .016; Figure 1B ) in comparison with the control group. In contrast, the Ab þ M group had a significant decrease in the escape latency (P < .0001) and distance traveled (P ¼ .004) compared to the Ab group, which means that M2000 intake could effectively improve these parameters. Also, M2000 intake plus Ab injection did not show significant difference compared to the control group. Moreover, there was no significant difference between groups according to swimming speed or velocity (Figure 1C) .
Behavioral results in each training day. Figure 2 illustrates behavioral test results for different days in all groups. In control group, escape latency ( Figure 2A ) had a significant improvement from the first day (P < .0001) to the second day, and then there were no significant differences in other days (third and fourth) for the time of escape latency with respect to the fact of the learning process. There was no significant difference between distance moved ( Figure 2B ) on the second and third day compared to the first day. However, there was a significant reduction on the third day (P < .01) and fourth day (P < .001) compared to the first day. In the Ab group, escape latency ( Figure 2A ) decreased on the second day (P < .001) and fourth day (P < .0001) compared to the first day, while a significant increase can be seen on the third day. Furthermore, there was a statistical difference between the second and third day (P < .01) and third compared to the fourth day (P < .001). Unlike other groups, the distance moved ( Figure 2B ) significantly increases on the third day, and as a consequence, there was a significant difference only between the first and fourth day (P < .001) and the third day compared to the fourth day (P < .01).
As can be seen in the Ab þ M group ( Figure 2B ), the distance moved had an improvement from the begging to the final day. There was a significant difference on the second day and the third day (P < .001) compared to the first day. Also, a significant improvement in escape latency (Figure 2A ) on the second, third, and fourth day (P < .0001) in comparison with the first day was detected. Swimming speed (velocity) in all groups between and during different days did not show a significant difference (velocity results have not been shown).
Probe trial test result. Figure 3 reveals the probe test results that its purpose is to find out how long rat can swim in the target guardant after removing platform during the 90 seconds. Figure 3 shows that Ab injection caused a significant decrease in this parameter (P < .001) compared to the control group. However, in the group that received M2000, time of swimming in target quadrant increased compared to the Ab group (P < .0001) and did not show a significant difference compared to the control group.
Congo red staining results. Amyloid plaques are the most important sign in AD. Therefore, to confirm amyloid plaques formation, hippocampus section was stained by Congo red solution ( Figure 4) . As can be seen in Figure 4 , in Ab group, amyloid plaque formed and the cell shape had been changed abnormally. Although amyloid plaque was detected in the Ab þ M2000 group, the cell statue was improved and the amyloid plaque size significantly decreased compared to the Ab group.
Effects of Ab and M2000 on Bax/Bcl 2 Ratio
The Bax/Bcl 2 ratio analysis is shown in Figure 5 . Bax is one of the proteins that have an important role in developing apoptosis and antiapoptotic protein such as Bcl 2 , which has a vital role in controlling apoptosis pathway. In this experiment, Ab injection significantly increased Bax expression (P < .0001) and decreased Bcl 2 expression (P < .01).Therefore, the Bax/Bcl 2 ratio significantly increased compared to the control group (P < .0001). In group that received M2000, this ratio decreased (P < .0001) in comparison with the Ab group and did not show a significant difference compared to the control group.
Effects of Ab and M2000 on Caspase-3
Caspase-3 plays an important role in final processes of apoptosis. Therefore, to confirm apoptosis process in AD, we measured caspase-3 expression by Western blotting. In fact, procaspase-3 (32 kD) activated and was transformed to the cleaved caspase-3 (17 kD). Figure 6 shows procaspase-3 density in all groups, and unfortunately, the active, cleaved form did not see that possibility due to the fact that its expression is weak. Although the expression level of procaspase-3 in the Ab group had a significant decrease compared to the control group, procaspase-3 expression increased in the group that takes Figure 6 ; P < .01). This might be due to the activation of procaspase-3 and consequently transformed to its cleaved form.
M2000 (
Effects of Ab and M2000 on P53
P53 is one of the proteins that play a key role in apoptosis pathway. Figure 7 highlights P53 expression level between groups. The P53 level was significantly increased (P < .001) in group that had Ab injection compared to the control group. In contrast, P53 level decreased in the group received M2000 and did not show a significant difference compared to the control group (P < .001).
Stress Oxidative Test Results
Stress oxidative plays an important role in AD; therefore, we measured some of the markers in oxidative stress pathway including SOD, CAT enzymes as an antioxidant agent, and MDA as an oxidant marker. Figure 8 shows MDA level in hippocampus tissue of all groups. As it has been showed ( Figure 8 ), Ab injection significantly increased MDA level (P < .0001) compared to the control group. In group received M2000, the MDA level decreased, but it was not significant (P ¼ .05), and also MDA level was significantly higher than the control group (P < .01). Figure 9 highlights SOD activity in the hippocampus tissue. The Ab injection caused a significant increase (P < .01) compared to the control group, and in the group received M2000, SOD activity significantly decreased (P < .01) and did not show a statistical difference compared to the control group. The level of CAT activity in the hippocampus tissue can be seen in Figure 10 , and as it was reported, there was no significant difference in CAT activity of all groups.
Discussion
Several studies have reported that natural products could have positive effects on treating or slowing the progression of the neurodegenerative disease by attenuating microglial activation and enhancing microglial clearance of Ab. [30] [31] [32] [33] Alginate as a natural polysaccharide has a remarkable neuroprotective and antineuroinflammatory activity. 33 Previous studies have reported that the alginate oligosaccharides (1300 Da) prepared by enzymatic depolymerization could easily cross the bloodbrain barrier and can be applied its efficiency on brain nerve cells. 34, 35 In this study, the alginate was depolymerized by chemical reactions, and the D-Mannuronic acid (M2000) was purified to test how it could have an effect on AD. In our previous experiment, a significant effect on the proteinuria, BUN, serum creatinine, and cholesterol level, as well as glomerular lesion was seen. 36 Moreover, it has been indicated that M2000 is relatively safe when administered orally in animals. 27 Therefore, several experiments were done to show M2000 effects on AD, and the results showed that this natural product could have an important key role in AD treatment. The MWM experiment gives an accurate outcome for spatial learning, memory, and working and can also detect the damage level of cortical regions in the brain, which are the main key factors in AD. 37 Learning manner could be analyzed by escape latency, which is the time it takes to find the platform. 38 In this experiment, escape latency had a significant reduction ( Figure 1A ) in the Ab þ M group, which means that the intake of M2000 might develop learning procedure in AD. The other variable measures are travel distance and probe trial ( Figures 1B and 3 ) 39 in which both had a significant decrease in the Ab þ M group compared to the Ab group. These results of improvement in behavioral procedure lead to this conclusion that M2000 could have an effective influence on the AD treatment. The other potent evidence for the efficacy of M2000 on Alzheimer's treatment was obtained by observing amyloid plaque size (Figure 4 ). Stained hippocampus section by Congo red showed that the Ab þ M group had a remarkable decrease in plaque size compared to the Ab group.
Mitochondria-mediated apoptosis can be operated by intrinsic and extrinsic pathways in the brain neuron cells. Mostly, impaired mitochondrial function is associated with the aging process and prevalent age-related diseases including AD. 40, 41 Bax is a proapoptotic protein that is accumulated when the cells are engaged with the cellular stress by DNA damage. Meantime, antiapoptotic proteins such as Bcl-2 and Bcl-xL prevent apoptosis by inhibiting the action of proapoptotic proteins. 42 Therefore, the Bax/Bcl 2 ratio is an important factor because higher ratio causes a destruction of balance, which could release cytochrome c from mitochondrial membrane to the cytosol and then activate procaspases to induce apoptosis. 43 In this experiment, the expression of procaspase-3 had been detected in all groups. The control group had the highest expression level followed by the Ab þ M group, whereas the Ab group had the lowest level of procaspase-3 gene expression ( Figure 5 ). From this finding it can be concluded that in the Ab group, the procaspase has been consumed in the apoptosis process pathway because its level had been dropped, whereas in the Ab þ M group, procaspase had increased up to the control group level. Unfortunately, in our study, we did not observe the active form of caspase-3, and only the procaspase-3 was detected that its expression was different between the groups. This finding could be probably due to its low level of expression of the active form of caspase-3. 44 However, the expression of procaspase-3 was detected at low level in the Alzheimer's group; it seems that procaspase-3 enters to activate the process. In this study, the level of P53 was screened because of its role in the cell apoptosis, especially those who exposed to the noxious stresses. 45 It has been shown in Figure 7 that the level of p53 in the Ab þ M group had been dropped near to the level of the control group, whereas there was a significant increase in the Ab group, which was considered as Alzheimer's model. Therefore, the usage of M2000 could have a prevention effect on the P53 expression, which can reduce the potency of apoptosis pathway.
The recent data revealed that Ab-induced free radical and oxidative stress has an important role in the pathogenesis of AD. The ROS cause the lipid and protein oxidation with increasing the level of MDA as a product of lipid peroxidation. In many studies, the level of MDA has been increased in the hippocampus tissue, plasma, and cerebrospinal fluid in patients with AD. 18 On the other hand, harmful effects of ROS can be neutralized by antioxidant systems such as SOD, CAT, and glutathione. The SOD and CAT are the first-line items against toxicity of ROS. Various studies have shown the increased or decreased levels of these enzymes in hippocampus and plasma of patients with AD. 46 As can be seen in Figures 8 and 9 , the levels of both SOD and MDA have increased in the Ab group, indicating the defense mechanism against the oxidative stress in hippocampus tissue. However, the group treated by M2000 showed a considerable reduction in the level of SOD and MDA, which means that the M2000 has a successful impact on the reduction of oxidative stress and free radical side effects.
At present, we are at the end stage of 2 clinical trials (phase 1/2) for this drug in rheumatoid arthritis (IRCT2013062213739N1) and ankylosing spondylitis (IRCT2013062213739N1). Regarding the positive effects of M2000 in these current clinical trial studies in humans, our next aim is to run the other clinical trial study for AD in Iranian patients.
